Three reactants, polyhedral oligosilsesquioxanes (POSS) (c-C
INTRODUCTION
The catalyst [(c-C 6 H 11 ) 7 (Si 7 O 12 )MgTiCl 3 ] n (n = 1,2) as a bonding model for silica-supported catalysts was synthesized, characterized and evaluated in ethylene polymerization in a previous communication. 1 Heterogeneous silica-supported Ziegler-Natta catalysts play an important role as commercial catalysts in the petrochemical and polymer industries. [2] [3] [4] Both commercial importance and scientific significance have stimulated an intense interest in identifying active surface species of such catalysts. Although advances in spectroscopic techniques have revealed some information on the reaction chemistry on silica surfaces, the structures of such catalysts and the metal-silica interactions are still difficult to define at a molecular level. The inherent complexity of the silica-supported catalysts leaves many unanswered questions for direct study of such catalysts. Feher and co-workers have shown that the incompletely condensed silsesquioxane frameworks are effective models for silica surfaces and several monometallic polyhedral oligosilsesquioxane (POSS) complexes. [5] [6] [7] [8] [9] [10] [11] An attractive approach to this problem is to design, synthesize and characterize model catalysts based by incorporating M x -O y -Si z interactions as models for silica-supported catalyst (Refs 1, 12 and Jia-Chu Liu, J. R. Shapley and F. J. Fehes unpublished results). Three M x -O y -Si z interactions are proposed in this paper as bonding models for bimetallic silica-supported Ziegler-Natta catalysts.
EXPERIMENTAL
Except where noted, all operations and reaction procedures were performed under a nitrogen atmosphere and on a vacuum line with modified techniques. Heptane was used as solvent in the synthesis and fed under nitrogen with a moisture level less than 0.02 ppm. The reactions of POSS with BEMg (10% solution in heptane; Akzo) and TiCl 4 in heptane were carried out in a dry, roundbottomed flask with a magnetic stir bar under nitrogen at a temperature in the region of 45°C. After separation, products of each reaction were dried on a vacuum line for 1-2 h and kept in a glove box.
Polymerizations were performed in a 1-liter slurry reactor under the following conditions: 550 psi (3800 kpa) ethylene; 180 mmol hydrogen, [A1]/[Ti] ratio = 25-60:1, polymerization temperature 90°C. Molecular weights (weight-average M w , number-average M n ) and molecular weight distribution (MWD) determinations for the polyethylene produced were completed by established methods of GPC analysis.
Infrared spectra were recorded on Nicolet 710sx and 60sx FTIR spectrometers with solution samples prepared in a 0. Mass spectra (MS) were measured on a VG 70-VSE high-resolution mass spectrometer in the Mass Spectrometry Laboratory of the School of Chemical Sciences at the University of Illinois at UrbanaChampaign. The samples were scanned in the 500-2800 molecular weight range and recorded by electron impact (EI) with high resolution under a nitrogen atmosphere. The simulation signals of corresponding proposed structures were conducted on a VG OPUS data system (1990). In addition to standard library searches, the OPUS software includes computer-generated fragmentation of chemical structures and interactive mass peak fragment and loss interpretation.
In a typical experiment, reaction of polyhedral oligosilsesquioxane (POSS) trisilanol 1 with 1 mol equiv of butylethylmagnesium (BEMg) 2 was conducted in heptane at 45°C. After separation, A1 was treated with TiC1 4 in a further reaction at 45°C to give A2.
Spectroscopic data
For POSS (1) Reaction A:
Reaction B:
Reaction C:
After separation and removal of solvents, A2 (a white solid), B2 (a dark brown solid) and C2 (a brown solid) were obtained.
Characterization of reactions A, B and C, and the corresponding products A2, B2 and C2
Reactions A and product A2 were reported briefly in a previous communication. 1 The details are described in this paper. Compound A2 was characterized as a bimetallic siloxane cage model catalyst, [(c-C 6 H 11 ) 7 (Si 7 O 12 )MgTiCl 3 ] n (n = 1,2), which exists as a monomer/dimer. The synthesis is summarized in the following reactions 4 and 5. In a typical experiment, reaction of polyhedral oligosilsesquioxane (POSS) trisilanol 1 with 1 mol equiv. of butylethylmagnesium (BEMg) 2 was conducted in heptane at 45°C. After separation, A1 was treated with TiCl 4 in a further reaction 5 at 45°C to give A2.
A1 is proposed to be a mixture of A1a, A1b and A1c and A2 is a mixture of A2a and A2b. The reactions were followed by FTIR, NMR ( 1 H, 13 C, 29Si) and mass spectroscopy.
FTIR and NMR data shown in the Experimental section indicate that a magnesium-siloxane cage complex A1 is formed by the condensation of two of the three OH groups of 1 with two alkyl groups of 2, leaving one unreacted OH group in A1. The FTIR signal at 3400 cm À1 for three OH in 1 decreased to one-third of its original intensity, and the 1 H NMR signal of three OH (total integrated intensity = 3) in 1 at = 6.96 ppm changed to new signals for one OH (total integrated intensity As 1) at = 2.80 and 2.10 ppm in A1. and 2160 in the mass spectra of A1 and A2 have the same peak number and signal isotopic shape as those of simulated theoretical spectra by using the identified final formule of A1 and A2. In addition to the dimer reported in this paper, a series of triosmium cluster-siloxane cage dimers were synthesized and characterized (Jia-Chu Liu, J.R. Shapley and F.J. Fehes, unpublished results).
Product A2 contains a doubly bonded Mg(-O-Si) 2 and a singly bonded Ti(-O-Si). According to the FTIR spectra, the reaction pathway for Reactions (B) (Eq. 2) and the corresponding products are proposed as follows:
Reaction B:
BEMg TiCl 4 In the first step of the reactions, the products are complicated and probably consist of the components shown in the above pathway. On the basis of FTIR spectra, three intermediates, B11, B12 and B13, may be formed by ligand transfer between Mg and Ti. In the second step, B21, B22 and B23 are formed by eliminating the molecules of HCl and ethane, respectively. The solution of these products in heptane is dark brown and cannot be separated up on TLC. The FTIR spectrum [13] [14] [15] of the solution showed strong signals at 930, 1090 and 1070 cm
À1
. The signal at 930 cm À1 is assigned to the formation of a doubly bonded titanium structural unit (Si-O-) 2 Ti, and signals at 1090 and 1070 cm À1 are assigned to the formation of a singly bonded magnesium structural unit (Si-O-)Mg (see 4) below.
According to the FTIR spectra of the products, the reaction pathway for the process of reactions C and the corresponding products are speculated to be as follows: , which are assigned as a triple titanium bonded to POSS in bonding type (Si-O-) 3 Ti. The dimeric product C12 which has two triply bonded (Si-O-) 3 Ti units, two bridge bonded Ti-O-Ti and one Ti-Ti metal-metal bond, was identified by Feher. This dimer C12 is extremely air-sensitive and insoluble in most solvents. If a small amount of C12 reacts with BEM g in heptane, the product probably exists as a monomeric structure shown in C2. The product C11 (major product), C12 (minor) and C2 all contain a triply bonded structural unit Ti(-O-Si) 3 as shown in Table 4 
Catalytic behavior in ethylene polymerization
Products A2, B2 and C2 demonstrated very different catalytic behavior in ethylene polymerization in the presence of triethylaluminum cocatalyst. The results of polymerization and the properties of the polyethylene produced are listed in Tables 1 and 2 . Products A2, B2 and C2 exhibit different activities in ethylene polymerization under the same conditions. The PE resins produced by A2, B2 and C2 have different M w , M n and MWDs as well as different properties such as MI, HLMI and MIR. The following conclusions are drawn from the results of ethylene polymerization under the same conditions:
(1) The model catalyst A2 demonstrated a significant catalytic activity for ethylene polymerization in the presence of triethylaluminum. The second product B2 is the product from reactions B and demonstrates a lower activity at 33% of A2. The third one Three M x ±O y ±Si z bonding models for active species on silica surfaces
As the main reactions of organometallic compounds with silica surfaces are related to reactions of hydroxyl groups on silica surfaces, the bonding types and concentrations of hydroxyl groups on silica surfaces are key points in the formation of surface species. A comparison of four types of main structural units containing Si-OH shown in Fig. 8 . The numbers of bonding types of Si-OH, and Si-O-Si for (a)-(d) are listed in Table 3 . The comparison in Table 3 indicates that the number of Si-O-Si bonds in the silicon atom unit involving hydroxyl increases from 0 to 3 in(a),(-b)and(c) to a real silica surface (d). The compounds with structure model (a) have been used as the simplest model compounds for about 40 years, but each Si structural unit of model (a) contains three of Si-R bonds and one Si-OH bond and is very different from the structures of silica surfaces. POSS has structure model (c), each Si structural unit in which contains one Si-OH or none, only one Si-R bond and three or two Si-O-Si bonds. This structure is close to that of actual silica surfaces. Therefore, the incompletely condensed silsesquioxane framework of POSS is considered to be an effective model for silica surfaces. Although all the structures of M x -O y -Si z bonding models are complicated, several main types may be classified and proposed as bonding types of active species on silica surfaces to serve as bonding models for silica-supported catalysts. For a bimetallic transition-metal complex bonded in POSS on the basis of the characterization and identification described in this paper, A2 contains one Mg(-O-Si-) 2 According to the similarities in the FTIR data (Table 4) and in their components, preparation procedures, polymerization behavior and properties of the PE resins produced (Table 5) between bimetallic POSS and silica-supported catalysts, this silica-supported catalyst D contains the same bonding structures as those of the catalyst A2, e.g. the M x -O y -Si z bonding model of A2 can serve as a bonding model for a commercial silica-supported catalyst. On the basis of the analogy in synthesis, structural characteristics and polymerization behavior, these three bonding models A2, B2 and C2 are proposed as bonding models for (Ti,Mg)-containing bimetallic silica-supported Ziegler-Natta catalysts shown in Fig. 7 . An understanding of the bonding structures of active species on silica surfaces is useful in designing new generations of silica-supported Ziegler-Natta catalysts at a molecular level for producing the desired polyolefin resins.
CONCLUSIONS
Three different products (A2, B2 and C2) were made by three different reactions, A, B and C, using the same three reactants with different orders of addition. A2, B2 and C2 contain three types of bonding structures: A2 contains one doubly bonded Mg(-O-Si) 2 and one singly bonded Ti (-OSi); B2 contains one doubly bonded Ti (-O-Si) 2 and one singly bonded Mg(-O-Si); C2 contains one triply bonded Ti (-O-Si) 3 .
The bimetallic siloxane cage model catalyst A2, [(c-C 6 H 11 ) 7 (Si 7 O 12 ) MgTiCl 3 ] n (n = 1,2), exists as a monomer/dimer characterized by FTIR, NMR ( 1 H, 13 C, 29 Si) and mass spectroscopy. A2, B2 and C2 exhibit different catalytic behavior toward ethylene polymerization in the presence of triethylaluminum co-catalyst under the same conditions. A bonding-catalytic property relationship has been established. The activities and the properties of MI and HLMI decrease in the order A2 b B2 ) C2. The PE resins produced by using catalysts A2, B2 and C2 have different molecular weights. M w M n and MWD (=M w /M n ) and MIR (=HLMI/MI) increase in the order A2`B2 ( C2.
The model catalyst A2 and a silica-supported catalyst D were prepared in similar procedures and have the same components based on elemental analysis of Ti, Mg, Si and Al. Under the same polymerization conditions, A2 and the silicasupported catalyst D demonstrate similar catalytic behavior toward ethylene polymerization.
On the basis of the analogy between bimetallic POSS model catalysts and silica-supported catalysts, three M x -O y -Si z compounds, corresponding to the main bonding structures of A2, B2 and C2.shown in Fig. 7 are proposed as bonding models for silica-supported Ziegler-Natta catalysts.
